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Effects of high intensity non-ionizing terahertz
radiation on human skin fibroblasts
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Abstract: For the first time, the data have been obtained on the effects of high-intensity terahertz
(THz) radiation (with the intensity of 30 GW/cm?, electric field strength of 3.5 MV/cm) on
human skin fibroblasts. A quantitative estimation of the number of histone H2AX foci of
phosphorylation was performed. The number of foci per cell was studied depending on the
irradiation time, as well as on the THz pulse energy. The performed studies have shown that
the appearance of the foci is not related to either the oxidative stress (the cells preserve their
morphology, cytoskeleton structure, and the reactive oxygen species content does not exceed the
control values), or the thermal effect of THz radiation. The prolonged irradiation of fibroblasts
also did not result in a decrease of their proliferative index.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) radiation belongs to the non-ionizing radiation (NIR) type and is ranged from
0.3 to 10 THz, in between the microwave and infrared regions. With the development of new
techniques for the generation and detection of THz radiation, the spectrum of its applications in
spectroscopy and microscopy modalities has expanded, covering characterization of antibacterial
surfaces [1], label-free diagnosis of malignant and benign neoplasms [2—4] and cell identification
[5,6]. However, in spite of the tremendous interest, which has arisen in the scientific community,
the issue of the radiation safety is still discussed, especially when speaking about high-intensity
sources. In her recent review [7], M. Havas casts some doubt on the widely spread statement that
“since NIR does not have enough energy to dislodge electrons, it is unable to cause cancer” and
brings arguments against it. It is stated that (1) mechanisms of biological interactions are different
for ionizing radiation (IR) and NIR; (2) there is sufficient evidence of cell damage caused by
NIR at levels well below thermal guidelines; (3) various mechanisms that involve oxidative stress
and can account for the increase in tumors under exposure to low frequency or radio frequency
electromagnetic radiation have been reported. Unfortunately, many countries set standards based
on the false assumption that there are no adverse health effects of radio frequency (RF) radiation
other than those that are caused by tissue heating [8]. By now, the effect of RF radiation including
phone-frequencies on biological objects has been fairly well studied. It has been shown [8]
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that the mechanism(s) of interaction include induction of reactive oxygen species (ROS), gene
expression alteration and DNA damage through both epigenetic and genetic processes.

As for NIR of the THz spectrum, the subject of this study, a large volume of experimental
results has been collected, some of them demonstrating the absence of cell changes caused by
non-ionizing THz radiation and some demonstrating the presence of such changes (in particular,
changes in gene expression, permeability of membranes or the number of micronuclei in cells, as
well as DNA damage or demethylation, see the studies and reviews [9—17] for details). However,
the essential differences in the experimental parameters, including the duration of exposure, power
and frequency of THz radiation, hinder the systematization of the results and their theoretical
justification.

According to prediction [18] that either linear or non-linear resonant interaction between DNA
and intense THz radiation may cause local rupture of hydrogen bonds in double-stranded DNA
chains, the issue of genotoxicity has become of a primary significance with the appearance of high-
intensity sources of pulsed THz radiation. Recently, histone H2A X phosphorylation has become
one of the most sensitive biomarkers to evaluate genotoxicity [19]. Histone proteins participate in
the DNA packing and arrangement in chromatin in eukaryotes. Epigenetic alterations in histones
(acetylation, methylation, phosphorylation etc.) change the DNA accessibility for transcription
and may play a key role in the malignant transformation of cells, as well as in the resistance of
tumors to drugs [20]. Such alterations have a reversible character and may be caused both by
individual genes’ mutations and by the environmental effects.

The histone H2A X phosphorylation on serine 139 was discovered in cells exposed to ionizing
radiation [21]. Later, a series of studies had shown that the number of YH2 AX foci was associated
with DNA double-strand breaks (DSB) and depended on the dose of ionizing radiation [22-25].
In the case of non-ionizing radiation, for example, of the ultraviolet or microwave spectral range,
the formation of YH2AX foci is frequently related not to double-strand DNA breaks, but to
other causes [26-29]. The observed increase of YH2A X foci is caused by the altered chromatin
structure associated with the thermal effect, among other factors. Not only the chromatin structure
alteration [30], but also a number of other endogenous processes may result in the formation of
vH2AX foci, in particular: cell ageing [31], oxidative stress [32], and also processes associated
with the cell cycle.

To date, rather contradictory data have been collected on the influence of THz NIR on the
formation of histone H2 A X phosphorylation foci. While a qualitative analysis [33] showed the
induction of H2A X phosphorylation after exposure to intense THz pulses for 10 minutes, a
quantitative analysis performed in [28,34,35] did not reveal such changes.

This study is dedicated to the molecular-cellular mechanisms of the human skin fibroblasts’
reaction to high-intensity pulsed THz radiation. For the first time, dependence of the number
of YH2AX foci on exposure duration has been obtained. Post-irradiation kinetics of YH2AX
foci numbers has also been studied. We have analyzed a number of factors capable of initiating
the formation of histone H2AX phosphorylation foci in human skin fibroblasts exposed to
high-intensity non-ionizing pulsed radiation of the THz range.

2. Materials and methods
2.1. THz exposure set-up

Optical rectification of laser pulses is an efficient technique for generating THz radiation.
A series of organic crystals such as DAST [4-N-methylstilbazolium tosylate], DSTMS [4-
N,N-dimethylamino-4’-N’-methyl-stilba- zolium 2,4,6-trimethylbenzenesulfonate], and OH1
[(2-(3-(4-hydroxystyryl)-5,5-dimethylcyclo- hex-2-enylidene) malononitrile] demonstrate a high
conversion efficiency (up to 3%) through pumping with near-infrared femtosecond laser pulses
[36]. A nonlinear OH1 organic crystal with a diameter of 6 mm and a thickness of 420 + 10 um
(Rainbow Photonics, Switzerland) was used in the experimental setup (Fig. 1(a)) to generate THz
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pulses. It was pumped by pulses from a Cr:forsterite laser system supplied with a multipass
amplifier operating at 100 Hz (Avesta Project LLC, Russia) [37] and emitting 100 fs pulses at
a wavelength of 1024 nm with the energy of 1.1 +0.05 mJ. The laser pump radiation was cut
off by a LPF8.8-47 THz filter (Tydex LLC, Russia) with 70% transmission in the THz spectral
range, placed behind the crystal. The energy of THz pulses after the filter, Ey, = 18 £ 0.5 pJ was
measured by a calibrated Golay cell (a GC-1D optoacoustic detector, Tydex LLC, Russia). To
expand the THz beam, a telescope consisting of two off-axis parabolic mirrors (with the reflected
focal lengths of 15 mm and 152.4 mm) was assembled after the OH1 crystal. The THz radiation
was focused to a spot with diameter of 480 um at 1/e level by an off-axis parabolic mirror
(MPD229H-MO1, Thorlabs, USA) with a reflected focal length and a diameter of 50.8 mm. The
pulse duration was measured using a well-known electro-optic sampling technique. A waveform
and a spectrum (obtained by calculating the Fourier transform of the waveform) of a THz pulse
are presented in Figs. 1(b) and 1(c). The Gaussian envelope approximation of the registered
electric field waveform is generally used to determine the duration, which equals Tty g = 685 fs
as a full width at half maximum (FWHM). Generally, the pulse duration implies the value of the
intensity profile (not the field one), thus, the presented Gaussian function should be squared. The
duration of a THz pulse is then equals 7ty = TrazE/ V2 =484 fs.
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Fig. 1. (a) Experimental setup for cell irradiation: / — femtosecond laser system, 2, 5 — iris
diaphragms, 3 — attenuation unit, 4 — lens telescope, 6 — OHI crystal with THz filter, 7 —
mirror telescope (1:10), 8 — focusing parabolic mirror, 9 and 9’— Petri dish in “THz” or
“video” channels, 710 — cells, /1 — heating plate with a lid, /2 — 3D motorized translation
stage, /3 — microobjective, /4 — CCD-camera, /5 — dried box, /6 — adsorption dryer, /7 —
air compressor; (b) Waveform of the THz pulse: / — electric field waveform, 2 — Gaussian
envelope; (c) Spectrum of the THz pulse. The peak intensity and electric field strength of
THz pulses were estimated to be 32 GW/cm? and 3.5 MV/em, correspondingly. The spectral
bandwidth of up to 3 THz with central frequency close to 1.5 THz was measured.

The cell exposure was performed by focusing the THz radiation through the bottom of a
plastic dish with a cell monolayer attached and filled with culture medium. A standard 35-mm
Petri dish was placed in an incubating plate with a lid (heating system, Ibidi) for long-term cell
irradiation mounted on a 3-dimentional motorized linear stage (8MT167-100 along X and Y axes,
8MT173-20 along Z axis, Standa). A video-channel consisting of a 20x microobjective with a
numerical aperture NA=0.4 and a CCD-camera was assembled to control the position of the
dish with respect to the focal plane of the focusing parabolic mirror. The Petri dish could be
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moved along X axis to either “THz” or “video” channels. Cells clearly visible by camera were
considered to be in the THz beam waist plane.

To minimize the absorption of THz radiation by water vapour, the entire experimental setup
(see [38] for details) was assembled in a sealed box purged with dry air. Five minutes were
typically required for an air compressor (SB4-100.0LD15 T, Remeza) and an adsorption dryer
(ADS3, Ceccato) to reduce locally the relative humidity of the air to 2-3%.

Taking into account the transmission values T, of the air along the pathway and Ty of the
plastic dish, the peak intensity of the THz pulse entering the culture medium can be estimated as
(henceforth * denotes a parameter of the pulse entering the culture medium):

, 4T, Ty Em, -k

THz~ _ 2
modi, - TTHzI

ey

where T, is taken equal to 0.95 for the 2% relative humidity maintained in the box during cell
irradiation experiments, Ty = 0.89 [38] for the dish (#80466, ibidi) with a 180 um thick polymer
bottom, dj;, =480 wm is the diameter of the focused THz beam at the 1/e level, rry, is the
duration (FWHM) of a THz pulse, k= 1.86 is the correction coeflicient calculated as a ratio of
the area under the Gaussian curve in Fig. 1(b) to the area under the THz waveform profile (see
[39] for details). For optical pulses with the carrier frequency of 10! Hz the fill factor of the
Gaussian envelop is close to unity (k ~ 1) and no correction is required.
The THz electric field strength is given by

3

I
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where I7,,, is the peak intensity of the THz pulse entering the culture medium, & is the dielectric
permittivity, and c is the speed of light. The peak intensity and electric field strength of THz
pulses were estimated to be I, =32 GW/cm? and Wiy, = 3.5 MV/cm, correspondingly.

A distinguishing feature of the experimental setup is the combination of a high peak power of the
THz source with a low average power. The former enables us to overcome the strong absorption
of THz radiation by water, penetrate the culture medium (needed for the cell maintenance and
viability) and reach the cells. The low average power is required to minimize the thermal effects
induced in cells.

2.2. Cell exposure to THz radiation

This study was conducted in accordance with the Declaration of Helsinki and GCP guidelines
and was approved by the local Ethical Committee of the Federal Research and Clinical Center of
Specialized Medical Care and Medical Technologies (protocol No. 4/5 from December 2, 2019).
The patient signed an informed consent before enrolling in this study.

The fibroblast primary cells culture was obtained by a biopsy of the behind-the-ear retroauricular
skin regions as described previously [40,41]. The biopsy was performed from a healthy volunteer
donor who signed the informed consent. To maximize the effect of THz radiation it was focused
to a 480 um-wide spot at the 1/e level. This means that the radiation intensity was the highest in
the center of the beam and diminished along the radius to the level of 1/e from the maximum
at the distance of 240 um. Therefore, when evaluating the THz treatment effect, the analyzed
field was limited by the 500 x 500 um area. In order to simplify the identification of the area
following the THz exposure, it was marked using laser engraving. The THz crystal and the THz
filter were temporarily removed and an attenuated laser beam was focused on the bottom surface
of the Petri dish. Laser marks of ~10 um in the diameter were formed in the corners of a square
(500 x 500 um) to denote an area slightly wider than the size of the THz spot. Laser engraving
was performed immediately before the experiment, after choosing the area with appropriate cell
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density to be exposed. The disadvantage of tight focusing of THz radiation is a small area of
the irradiated surface and, correspondingly, a low number of treated cells. This circumstance
restricts the choice of applied analytic techniques. In particular, such methods as flow cytometry
demanding a high cell number (~10°) become unavailable, and the main technique used in this
study was an immunocytochemical study.

The irradiation of cells was conducted in the close-to-natural conditions: the Petri dish was
placed in a thermal chamber (heated plate and a lid) with a constant temperature of 37°C. The
duration of the THz treatment varied in the experiment from 10 to 180 min. The cells in the
adjacent well of the 4-well silicone insert in the ibidi dish were considered as a parallel control

group.

2.3. Immunostaining for histone modifications and scoring of yH2AX foci

The cells were fixed 24 hours or immediately after the exposure in a Petri dish with a 4%
paraformaldehyde solution containing 0.1% saponin in PBS (pH 7.4) for 20 min at room
temperature, followed by two rinses in PBS and additional permeabilization with 0.5% Triton-
X100 and 0.5% Tween 20 (in PBS, pH 7.4), supplemented with a 1% goat serum to block
non-specific antibody binding. The fixed-permeabilized cells were then incubated for 1 h at 37°C
with a primary rabbit polyclonal antibody against YH2AX (1 ug/ml, ab11174; abcam, USA).
After three rinses with PBS, the cells were incubated for 1 h with secondary goat anti-rabbit
IgG (H + L) antibodies (Alexa Fluor 488-conjugated, 5 ug/ml; Invitrogen, USA). Then, the Petri
dishes were rinsed three times with DPBS. The cell nuclei were labeled with Hoechst 33342
stain (Thermo Fisher Scientific, USA). Immunofluorescence was analyzed using a Nikon A1l
scanning laser confocal microscope (Nikon Co., Japan). The number of YH2AX foci was scored
in all cell’s nuclei in both the control and experimental groups.

2.4. ROS assay and f-actin visualization

To analyze reactive oxygen species (ROS) in cells exposed to THz radiation, a CM-H2DCFDA-
based indicator was used (C6827, Thermo Fisher Scientific, USA). CM-H2DCFDA is a
chloromethyl derivative of H2DCFDA, useful as an indicator for ROS in cells. CM-H2DCFDA
passively diffuses into cells, where its acetate groups are cleaved by intracellular esterases and its
thiol-reactive chloromethyl group reacts with intracellular glutathione and other thiols [42,43].
For a positive control, cells were incubated in a serum-free medium with added H, O, for 30
min. Then the cells were rinsed twice with DPBS and incubated at 37°C in 5% CO, in the
serum-free medium containing 20 uM CM-H2DCFDA for 1 h. After that the cells from the
experimental group and the positive control cells were fixed with 4% paraformaldehyde in DPBS
for 20 min at room temperature [44]. For F-actin visualization cells were rinsed twice in DPBS
and permeabilized with 0.5% Triton-X100 and 0.5% Tween 20 (in PBS, pH 7.4), supplemented
with Phalloidin—Tetramethylrhodamine B isothiocyanate (P1951, Sigma Aldrich, USA).

2.5. Heat shock proteins analysis

Cells exposed to THz radiation as well as cells from the positive control group (subjected to
hyperthermia in a thermoshaker (at 42.5°C) for 1 hour) were fixed immediately with a 4% buffered
paraformaldehyde solution as described above (section 2.3). The fixed-permeabilized cells were
then incubated for 1 h at 37°C with a primary mouse monoclonal antibody against HSP70 (5
pg/ml, MS-482-B1, Thermo Fisher Scientific, USA) and stained with Alexa Fluor 488 secondary
goat anti-mouse IgG (H + L) antibodies and Hoechst 33342 as described above (section 2.3).
Immunofluorescence was analyzed using a Celena Digital imaging system (Logos biosystems,
South Korea) and a Nikon Al scanning laser confocal microscope (Nikon Co., Japan). Analysis
area for the control group was chosen to be of the same cell density as in the THz treated area in
the experimental dish.
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2.6. Proliferative index

Cells were fixed immediately after the exposure to THz radiation in a Petri dish with paraformalde-
hyde and stained with a primary rabbit polyclonal antibody against ki-67 (1 pug/ml, ab15580,
Abcam, USA) and secondary Alexa Fluor 633 goat anti-rabbit IgG (H + L) antibodies as described
above. Nuclear antigen ki-67 is expressed during various stages in the cell cycle and is widely
used as cell proliferation marker in both research and cancer diagnostic settings [45,46]. The
ki-67 proliferation index was calculated as a ratio of the ki67-positive cell number to the total
number of Hoechst 33342-stained cells (percentage value). The immunofluorescence analysis
was performed using a Nikon A1 scanning laser confocal microscope (Nikon Co., Japan).

2.7. Statistical analysis

To estimate the significance of the data, the experiment was repeated three times for each exposure
time. There were usually 70-100 cells located in the irradiated area, so around 200-300 cells
were analyzed for each time. The number of YH2AX foci per cell was counted as the total
number of foci divided by the number of cells in the irradiated area. The statistical analysis of
the histone H2A X phosphorylation foci formation was based on Fisher’s one-way analysis of
variance (ANOVA) with the probability of p>0.05. Fluorescence of stained cells was evaluated
using the Image] software. An image was split into the color channels, then the contour of each
cell was delimited using the freehand tool. The area, integrated density and mean grey value
were measured for each cell in the image and in the background as well. The corrected total cell
fluorescence (CTCF) was calculated as CTCF = Integrated Density — (Area of the selected cell x
Mean grey value of background readings).

3. Results

3.1.  Formation of histone H2A X phosphorylation foci (yH2AX) in human skin fibrob-
lasts

As mentioned above, the measuring of histone H2AX phosphorylation on serine 139 is one of the
most sensitive indicators of genotoxicity. In this study, we estimated the number of foci formed
as a result of treating human skin fibroblasts with high-intensity THz radiation with various
parameters.

The results of immunocytochemical staining of fibroblasts after the THz radiation exposure
are displayed in Fig. 2; the dotted circle marks the area exposed to THz radiation. One can see
that the number of foci may change from cell to cell. As mentioned earlier, it may be related both
to the natural processes (cell cycle state, cellular senescence etc.) [30,31] and to the effect of the
THz radiation. In this connection, we counted a relative number of foci in respect to the total
number of irradiated cells. To eliminate possible risks associated with the individual specifics of
cell cultures from different donors (gender, age, proliferative activity of cells etc.), we used cells
of a 34-5" passage from one and the same donor in all the experiments.

3.2. Time-effect plots of the THz radiation

One of the fundamental issues regarding the THz radiation safety for humans is the duration
of exposure, as well as potential long-term effects of such a treatment. It has been shown, that
various types of ionizing radiation can cause significant increase of YH2AX foci number in
human cells. Due to the cell reparation system the number of YH2AX foci usually returns to
the initial value within 24-72 hours post irradiation [23,47-49] Thus, not only the evaluation of
vH2AX foci in the cells immediately after the THz exposure is of interest, but also changes in the
vyH2AX foci number occurring within a longer period of time post THz exposure. In our study,
we decided to evaluate the YH2AX foci number at two time-points: immediately after the THz
exposure and 24 hours post THz exposure.
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Fig. 2. Immunofluorescence analysis of YH2AX foci in human skin fibroblasts exposed to
THz radiation for 90 min and fixed on the next day after the irradiation. The area exposed
to THz radiation is marked by the dotted circle. YH2AX were stained with goat-antirabbit
secondary antibodies with Alexa Fluor 633 (red) and cell nuclei were stained with Hoechst
(blue) in all panels. Scanning confocal microscopy. Bar size (a) 100 pm and (b) 50 wm.

A series of experiments was carried out at a preset THz pulse energy of E* =15 pJ, with
the irradiation time #; and the time after the radiation switch-off (so-called, fixing time) #.
Figures 3(a) and 3(b) present the results of the study on the dynamics of formation of histone
H2AX phosphorylation foci per one cell, N, after the treatment with high-intensity non-
ionizing THz radiation for different times 7. The quantification of YH2AX foci number in
fibroblasts was performed directly after the exposure to THz radiation (#f = O h, Fig. 3(a)) and 24
hours post THz radiation switch-off (tr =24 h, Fig. 3(b)).
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Fig. 3. Estimation of YH2AX foci number per cell in human skin fibroblasts: (a) immediately
after the irradiation (#;=0h) and (b) 1 day after the irradiation (#;{=24 hrs) for different #
times. p<0.05.

As seen from Fig. 3(a), the value of N¢/. depends on the exposure duration and at #; > 30 min
the number of YH2AX foci in the experimental group substantially exceeds the corresponding
value in the control group. Due to insignificant differences of N/ in the experimental and
control groups at #f = 0 min we decided to exclude #; = 10 min from the subsequent experiments.
It is worth noticing that, in spite of the elevated number of YH2AX foci in the experimental group
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vs the control group at #; > 30 min, neither foreign inclusions, nor morphological changes were
observed in cells. The latter were assessed under the use of bright field microscopy (similar to
[50]), taking into account the specific features of apoptotic or necrotic cells.

It is of interest that the numbers of YH2AX foci at #; = 30 min and #; = 90 min are not statistically
different both immediately after the irradiation (Fig. 3(a)) and one day after the irradiation
(Fig. 3(b)). Based on these data we may conclude, that the formation of YH2AX foci has a
time-dependent effect, which persists for at least 24 hours in human fibroblasts. A time point of
t; = 180 min was added to the study for #; = 24 hrs, since it demonstrated an essential increase in
the number of YH2AX foci — by 6 times as compared to the parallel control group and by two
times as compared to the results at #; = 30 min and # = 90 min. However, even after the prolonged
THz radiation treatment (#; = 180 min) no morphological changes or signs of cell apoptosis were
observed.

3.3. Determination of heat shock proteins in fibroblasts after the irradiation

One of the reasons for the formation of histone H2 A X phosphorylation foci is the thermal effect
on the cell [51]. THz radiation is strongly absorbed by water — the radiation power at a frequency
of 1.5 THz drops by e times at a distance of ~30 um. To estimate the increase in the temperature
resulting from the absorption of continuous THz radiation of a given frequency and an average
power, a theoretical model is conventionally used [52], based on the Kirchhoff equation for heat
capacity. It was earlier shown [38,53] that pulsed THz radiation with the frequency v=1.5 THz
and the average power Pyy = Eqyy,f = 1.5 mW (here f =100 Hz and E7;, =15 pJ is the energy
of a THz pulse absorbed by water in a Petri dish), focused into a spot with the diameter of 480 um
resulted in the temperature increase AT=2.8°C in the beam center. The spatial distribution of
temperature calculated with the use of the mentioned model [52] presented in Fig. 4 testifies the
absence of significant heating.
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Fig. 4. Spatial distribution of temperature depending on (a) the radial coordinate r of the
beam, (b) the axial coordinate z, directed into the aqueous medium.

Along with direct thermal imaging techniques applied in life science experiments [35,54],
a number of studies utilized expression of heat shock proteins (HSP) for the thermal effect
assessment [54,55]. For example, a study on the safety of microwave radiation used in the GSM
mobile network [56] found an increase in the expression of heat shock proteins (HSP20, HSP27
and HSP70) after a 4-h-long treatment. It was also shown that the genes coding heat shock
proteins, especially HSP40, HSP70 and HSP105, exhibit the highest expression immediately after
the hyperthermic stress [57]. Besides, YH2AX foci can appear due to alternative mechanism of

histone phosphorylation caused by rearrangement of chromatin as the result of thermal exposure
[51,58].
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In this study, we evaluated the expression of heat shock proteins (HSP70) to test the hypothesis
about the thermal origin of the observed increased number of YH2AX foci. The treatment of
human skin fibroblasts was performed with THz radiation pulses of a preset energy Eqy, =15 WJ
with the duration of irradiation #; = 30 min.

The immunocytochemical analysis was performed for cells after the THz treatment (Fig. 5(a))
as well as for parallel (Fig. 5(c)) and positive (Fig. 5(d)) control groups. The corrected total cell
fluorescence (CTCEF) intensities for all the samples are presented in Fig. 5(e). No increase in the
expression of heat shock proteins (HSP70) was observed in experimental group after irradiation
for 30 min. On the other hand, when compared to the positive control (Fig. 5(d)), the expression
of HSP70 in the experimental group was essentially lower. Data on additional temperatures
of positive control can be found in Supplement 1. The Mann-Whitney test demonstrated the
statistical difference between the positive control group and the rest of the groups while no
difference was observed between the experimental and parallel control groups (p<0.05).

It is of note that histone H2 A X phosphorylation foci were not associated with cells in which
expression of HSP70 was observed (see white arrows in Fig. 5(c)). This finding does not agree
with the idea of M. Blank [59] who considers HSP to be clearly indicative of mobilizing a defense
mechanism, as they serve as biological markers for the cellular damage.

3.4. Estimation of the influence of the oxidative stress caused by THz radiation on the
proliferative index of human skin fibroblasts

In spite of the fact that ROS are formed in a cell constantly, some exogenous factors (microwave,
UV, heat action, chemicals etc.) may intensify formation of ROS. Exogenous ROS forms
lead to destabilization of the chromatin structure, appearance of DNA DSB and cell apoptosis
[60,61]. Such induced oxidative stress may also promote formation of YH2AX foci in a cell.
While ionizing radiation directly damages DNA, NIR is believed to interfere with the oxidative
repair mechanisms resulting in oxidative stress and leading to cancer through damaging cellular
components including DNA [7,62].

In this study, we estimated the level of ROS after the THz radiation treatment of different
duration (30, 90, and 180 min). As a positive control, the treatment of cells with hydrogen
peroxide (H,O;) was used. The assessment of ROS was performed by immunofluorescence. The
results of immunostaining of cells from the parallel control group, the experimental group exposed
to THz radiation for 90 min and the positive control group labeled with CM-H2DCFDA are
shown in Figs. 6(a)—(c) correspondingly. The corrected total cell fluorescence (CTCF) intensities
for all the samples are presented in Fig. 6(d). The ROS levels in the experimental groups and the
parallel control group were significantly lower as compared to the positive control group. The
Mann-Whitney test demonstrated the statistical difference between the positive control group and
the rest of the groups while no difference was observed between the experimental and parallel
control groups (p<0.05)

The results of F-actin filaments staining by Phalloidin—Tetramethylrhodamine B isothiocyanate
in the parallel control group, in the experimental group (exposed to THz radiation for 90 min),
and in the positive control group are shown in Figs. 6(e)—(g) correspondingly. As can be seen,
fibroblasts changed their typical spindle-shaped morphology into stellate-like morphology only
in the positive control group. Such morphological changes are associated with microfilament
reorganization due to disassembly of the F-actin cytoskeleton caused by H,O, treatment. In the
control group cells and cells after THz exposure the shape of microfilaments remained unchanged
and the latter were observed as long stress fibers.

The formation of histone H2A X phosphorylation foci is frequently associated with disorders
of the cell cycle that may lead to alterations in the proliferative activity of cells [31,34]. In this
study, an estimation of cell proliferation was performed for different irradiation times #;. In spite
of the high intensity of the THz radiation and its prolonged action on human skin fibroblasts,
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Fig. 5. Heat shock proteins expression in human skin fibroblasts after the THz exposure.
(a) 30 min irradiation followed by fixation; (b) enlarged image of the irradiated field in
panel (a), the arrows point to the foci of histone H2 A X phosphorylation; (c) parallel control
(cells not subjected to irradiation and thermal treatment); (d) cells after heating at 45°C
(positive control); All groups are primary mouse anti-human HSP70 stained with secondary
goat anti-mouse IgG (H + L) antibodies (green), primary rabbit anti-human YH2AX were
stained with goat-antirabbit secondary antibodies with Alexa Fluor 633 ((b), red). Cell
nuclei were stained with Hoechst (blue) in all panels. Scanning confocal microscopy; (e)
mean fluorescence intensity of HSP70, N>100 cells/group. Asterisks indicate statistically
significant difference (**p<0.05).
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Fig. 6. Formation of ROS and actin filaments morphologies in human skin fibroblasts. ROS
levels in (a) parallel control group, (b) experimental group exposed to THz radiation for
90 min, and (c) positive control group; (d) mean fluorescence intensity of ROS, (N>100
cells/group). Asterisks indicate statistically significant difference (**p<0.05). Morphology
of actin filaments in human skin fibroblasts in (e) parallel control group, (f) experimental
group exposed to THz radiation for 90 min, and (g) positive control group treated with HyO».
Cells were pre-loaded with CM-H2DCFDA (green) for ROS-detection in (a)—(c) panels;
F-actin was stained with Phalloidin—Tetramethylrhodamine B isothiocyanate (orange) in
(e)—(g) panels; cell nuclei were stained with Hoechst (blue) in all panels. Scanning confocal
microscopy.

the number of cells expressing ki-67, as one of the proliferation markers, was approximately the
same in all the experimental samples and did not differ from the control values. Besides, the
proliferative index in all the cases was 50-65% that indicated the absence of any effect of THz
radiation on cell proliferative activity (Fig. 7).
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Fig. 7. Proliferative index supported by ki-67 in human skin fibroblasts in (a) the parallel
control group and in (b) the experimental group exposed to THz radiation for 90 min; (c)
bar diagram illustrating the % of the ki-67 positive cells in the experimental and parallel
control groups. Cells were stained with primary rabbit polyclonal antibodies against ki-67
and secondary goat anti-rabbit antibodies conjugated with Alexa Fluor 633 (red). Cell nuclei
were stained with Hoechst (blue). Scanning confocal microscopy.

4. Discussion

The formation of histone H2A X phosphorylation foci is one of the indicators of the genotoxic
effect of different factors. In spite of the fact that the formation of these foci occurs spontaneously
in the normal conditions, their number essentially grows in the presence of toxic agents. Histone
H2AX phosphorylation resulting from the THz radiation treatment of different cell types have
been studied earlier by several researchers. The parameters of the utilized THz radiation sources
(frequency, average I,y and peak Ipeqx intensities) and the experimental conditions (time of
exposure, temperature), significantly vary and are summarized in Table 1. As seen from Table 1,
the induction of histone H2A X phosphorylation was found only in [33]. However, the performed
analysis was qualitative and did not provide information on the quantitative changes of number
of YH2AX foci in the experimental samples of artificial skin in comparison with the control
samples.

In the study [34], quantitative analysis of the number of YH2AX foci was performed. Two
experimental and two control Petri dishes with specimens of hESMO1 human embryonic stem
cell lines 2 hours post-irradiation were analyzed. It was shown that the mean number of YH2AX
foci per nucleus for the two experimental groups was 4.1 + 1.4 and comparable with the mean
value for the two control groups, 3.7 + 0.4. The absence of histone YH2A X phosphorylation
resulting from THz irradiation of different fibroblast types was discussed in [35] and [28]. The
authors conducted a quantitative analysis of the number of YH2A X foci; however, the data were
presented in diagrams only, from which it was difficult to calculate the exact number of foci per
cell. Nevertheless, one can see that the value varies from 0.3 to 1 on average and almost does not
differ from the values in the control group.

In our study, we also estimate the formation of histone H2A X phosphorylation foci following
the exposure of human skin fibroblasts to THz radiation. We used a significantly more powerful
source of THz radiation (for similar values of the average power on the order of several mW, the
peak intensity of the source we used was ~30 GW/cm?, which was much higher than the values
used in other studies). The data on the number of phosphorylation foci were obtained for several
exposure times: 30, 90 and 180 min. Besides, in this study, in order to eliminate possible risks of
an increase in the number of YH2AX foci associated with cellular senescence, we used cells of a
345t passage harvested from the one young and healthy donor in all the experiments.
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Table 1. Analysis of histone H2AX phosphorylation in response to THz radiation exposure

Ref. [33] Ref. [34] Ref. [35] Ref. [28]  This study
Sample artificial human skin ~ human embryonic human Fetal human human adult
tissues equivalents stem cell line hESMO1 Foreskin adult dermal fibroblasts
Fibroblasts dermal
(HFFF2) fibroblasts
THz source 0.1-2 THz 2.3 THz 0.1-0.15 THz 0.1-3 THz
Repetition rate 1 kHz 2.5 Hz (for macropulse) 100 Hz
Pulse duration  ~1.7 ps 4 ust 0.5 ps
Exposure Ly =57 mW/cm?2, Ly =0.14 W/em?, Iy = 0.40 mW/cm?, Iv=0.84 mW/cm?2,
conditions Ipeak =66 MW/cm?,  Iep = 4kW/em? Py < 10mW Ipeak=32 GW/em?

Wri? =220kV/em,
Wrnz© =70kV/em

Exposure time 10 min 60 min 20 min 10, 30, 90, 180 min

Ambient 21°C 24°C, cells were kept  16°C 20°C 37°C

temperature under 36.5-37.5°C

Temperature No Yes, infrared imager  Yes, infrared camera No

control

Expected AT =0.7°C AT =0.3°C (calculated) AT =2.8°C

temperature (calculated) (calculated)

increase

Type of analysis Qualitative, Quantitative, Quantitative, Quantitative,
immunochemical Immunochemical Immunochemical Immunochemical

Time post 30 min, 0, 24 hrs

exposure prior 2 hrs,

to analysis 24 hrs

Induction of Yes No No No Yes

H2AX phos-

phorylation

observed

“Each macropulse consists of 50 ps long micropulses with a 330 ps spacing between them
b“High” THz energy mode, Ety,=1 puJ
““Low” THz energy mode — Ety,=0.1 uJ

We have demonstrated that the exposure to high-intensity THz radiation causes phosphorylation
of the histone H2A X. It has been shown that the number of foci increases with the duration of
irradiation and differs from that in the control groups. YH2AX phosphorylation foci are known
to appear almost immediately after the exposure and their number reaches the highest values in
30 min [28,63]. Taking these findings into account, we have performed the analysis of YH2AX
foci number formed one day after the irradiation. Foci formation in cells resulting from the THz
exposure for 30 and 90 min is observed immediately after the end of irradiation and foci number
remains at the same level on the next day.

Histone YH2 A X phosphorylation has been considered earlier as an unambiguous marker of
DNA DSB. However, evidences have been appearing currently that the presence of phosphorylation
foci do not unequivocally testify the presence of DNA DSB. The study [64] demonstrated that
the histone phosphorylation was unrelated to double-strand DNA breaks at relatively low levels
of phosphorylation. Since histone YH2A X phosphorylation may be associated not only with the
direct impact of THz radiation on DNA, but also with possible micro-heating or oxidative stress
caused by THz radiation, we performed the corresponding analysis of these factors.

According to the results of our estimations, the temperature within the area of THz radiation
focusing (with the average power of 1.5 mW) did not exceed 40°C. Such temperature elevation
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may lead to micro-heating of cells. The analysis of expression of heat shock proteins (chaperone
proteins, participating in protein folding) within the field of THz radiation exposure may reveal
the presence of such micro-heating regions. We performed a semi-quantitative immunochemical
analysis of the most abundant heat shock protein with the molar mass of 70 kDa (HSP70). It was
shown that the level of HSP70 expression in the THz radiation focus did not differ from that in
the control group and was significantly lower than the level of HSP70 expression in the positive
control cells. Besides, YH2AX foci were frequently found in cells not expressing heat shock
proteins. However, since the analysis was semi-quantitative, we cannot confidently state that the
THz radiation does not affect the genes responsible for the expression of chaperone proteins.

The ROS analysis has also demonstrated that THz irradiation does not result in the oxidative
stress: the cells’” morphology and cytoskeleton structure are preserved, and the amount of ROS
does not exceed the control values. Even upon prolonged irradiation for 90 and 180 min, the
ROS concentration did not increase. It should also be noted that the proliferative index of human
skin fibroblasts, which underwent irradiation, did not differ from that measured in the control
group and was about 50-65%.

Such results testify that non-ionizing THz radiation likely results in epigenetic genome
alterations, which in turn may cause modification of the chromatin state or appearance of
DNA DSB. While the formation of double-strand DNA breaks resulting from THz irradiation
may be considered as disputable, the changes in the expression of certain genes caused by the
THz irradiation has been repeatedly demonstrated [55,65-67]. In the studies [65,66] the THz
radiation treatment led to a decreased level of expression of genes related to the epidermal
differentiation complex in the chromosome region 1q21 (that opens opportunities for THz
radiation application in therapeutic purposes to treat inflammatory and oncological skin diseases).
In [67], abnormalities in the regulation of 8 signal pathways usually participating in initiation,
sustaining, and progression of many human cancers were found, as well as altered expression of
genes some of which were related to the regulation of tumor growth. In spite of the absence of
direct DNA damage resulting from THz treatment, aneugenic effects of THz radiation have also
been demonstrated [28,35,68,69]. The authors associated the genome damage with the induction
of aneuploidy [28,35].

Thus, studying the safety of THz radiation is of great importance both for understanding the
nature of NIR interaction with biological objects and for potential application of THz radiation
sources. In our study, we have shown that even high-intensity THz radiation applied for a long
time does not cause heating typical for other non-ionizing radiation types that, in turn, does not
result in the oxidative stress in cells. The morphology and proliferative activity of cells were not
affected. However, the increase in the number of H2A X histone phosphorylation foci testifies a
possible genotoxic effect of THz radiation. Besides, the presence of large amount of residual
vH2AX foci indicates a long-term effect of THz exposure, hence, it may be of an epigenetic
character and increase the cells’ sensitivity to other factors.

5. Conclusion

We have obtained new data on the effect of pulsed high-intensity THz radiation (with the intensity
of ~30 GW/cm?, the electric field strength of ~3.5 MV/cm) on human skin fibroblasts. It
has been shown that the exposure of cells to high-intensity THz radiation does not affect their
proliferative activity or morphology. However, such a treatment results in epigenetic changes of a
cell due to histone H2A X phosphorylation. The formation of YH2AX foci has a time-dependent
effect, which persists for at least 24 hours in human fibroblasts.
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